The global nth order rate equation has been criticized for lack of theoretical basis and has been shown to be inadequate for modeling char oxidation rates as a function of total gas pressure. The simple Langmuir rate equation is believed to have more potential for modeling high pressure char oxidation. The intrinsic Langmuir rate equation is applied to graphite flake oxidation data and agrees well with reaction rates at three temperatures over the entire range of oxygen pressure (1-64 atm). It also explains the change of reaction order with temperature.
Introduction
A global nth order rate equation is often used to describe kinetics of char oxidation at typical industrial boiler temperatures [1] [2] [3] : n q ‫ס‬ A exp(‫מ‬E /RT)P
rxn obs os
The global nth order rate equation has been criticized for lack of theoretical basis and for inadequately predicting rates over wide ranges of experimental conditions, especially for high-pressure char oxidation modeling [3] [4] [5] . Attempts to use the global nth order rate equation to explain high-temperature coal char oxidation rates had to use pressure-dependent activation energies, which was not a realistic approach [3, 4] . Fundamental studies show that the carbon-oxygen reaction involves chemisorption, oxygen surface diffusion, and desorption of surface oxygen complexes [6] [7] [8] . The nth order rate equation fails to reflect the adsorption-desorption nature of this reaction. A more mechanistically meaningful representation of the intrinsic reaction rate is a Langmuir-Hinshelwood form [6, 9] , which in its simplest form becomes the Langmuir rate equation: In an attempt to treat effects of pressure, Essenhigh proposed a so-called second effectiveness factor [10] to account for the internal combustion. The second effectiveness factor was calculated from the power index of the normalized density-diameter relationship [5, 10, 11] :
The second effectiveness factor approach has several weaknesses: First, the second effectiveness factor approach requires density and diameter data, which are often not available a priori, in order to determine the power index ␣. Hence, this method is not truly predictive in nature. Second, the power index ␣ is very difficult to determine accurately, since it can vary over several orders of magnitude (reported values of ␣ are around 1 for high temperature char oxidation and are 10 4 ϳ 10 5 for low temperature char oxidation [10] ). Third, this approach assumes that the power index ␣ remains constant throughout the whole range of burnout. In a typical pulverized char combustor, a char particle travels through different zones of the reactor and interacts with different combustion environments, leading to different burning modes (corresponding to ␣ between zero and infinity). It is therefore desirable to develop an alternative approach to account for pore diffusion effects for the Langmuir rate equation.
Theoretical
In the approach proposed here, the effectiveness factor is used to account for effects of pore diffusion on the Langmuir rate equation:
obs 1 os os
It has been established that the effectiveness factor for spherical particles can be approximately predicted by [12] [13] [14] 
os os
Model Description

Kinetics and Pore Diffusion
This model treats the energy equation and external boundary layer diffusion in a manner similar to that used by Mitchell et al. [15] , but uniquely treats the particle reaction rate per external surface area with an intrinsic Langmuir rate equation and an effectiveness factor:
c p 1 os os where d p /6 converts the reaction rate from a volumetric basis into external surface area basis, and M c converts the molar rate into mass rate.
The resulting model is called the high-pressure carbon burnout kinetics model, or HP-CBK model, and includes the changes in reactivity at late burnout proposed by Hurt et al. [16] . However, due to lack of data at high pressure, the changes in reactivity at late burnout are not shown in this paper.
Boundary Layer Diffusion
In this study, the correlations for Sherwood number and Nusselt number are [17] Nu ‫ס‬ 2.0 ‫ם‬ 0.60 Re Pr (11) These correlations allow the HP-CBK model to be used for large-particle char oxidation. The boundary layer diffusion is modeled in a manner similar to that used by Mitchell et al. [15] , taking Stefan flow into account [18] . A v factor is often used as a criterion of whether the combustion rate is controlled by boundary layer diffusion [1] :
act max where q act is the actual rate of reaction, and q max is the maximum rate reaction limited by boundary layer diffusion. When the v factor is close to unity (say 0.95), the combustion rate is controlled by boundary layer diffusion; otherwise, chemical kinetics (often with pore diffusion effects) must be considered.
Effective Diffusivity
The major obstacle to calculating pore diffusion effects is the accurate determination of the effective diffusivity. In general, both bulk and Knudsen diffusion may contribute to the rate of mass transport within the porous structures of the char. The combined effects of these two diffusion mechanisms can be described by the combined diffusivity D [19, 20] :
AB K
The Knudsen diffusivity can be calculated from classical kinetic theory [19] :
K p where D K is in cm 2 /s, and r p is the pore radius in centimeters.
The random pore model is used to convert the diffusivity to the effective diffusivity. This model was originally developed for catalytic pellets containing a bi-disperse pore system [21, 22] . The resultant expression for the effective diffusivity may be written 2 2
M M l where D M and D l are the combined diffusivity in macro-and micropores, respectively, and e and e M are the total porosity and macroporosity of the particle. The random pore model has four parameters: e, e M , r p1 (macropore radius) and r p2 (micropore radius). The porosity of a char can be calculated and is therefore not an adjustable parameter.
Model Evaluation
The HP-CBK model, using the Langmuir rate equation, the effectiveness factor and the random pore model, was evaluated by comparison with three sets of pressure-dependent reactivity data: (1) graphite flakes [23] ; (2) large coal char particles [24] ; and (3) pulverized coal char particles [3, 4] . Additional modeling details are given by Hong [14] .
Graphite Flake Experiments
Ranish and Walker [23] measured the oxidation rates of some highly crystalline graphite flakes in pure oxygen at pressures from 1 to 64 atm and temperatures between 733 and 842 K. They observed that the reaction order decreased from 0.83 to 0.69 as reaction temperature increased from 733 to 813 K. Banin et al. [25] also observed that the reaction order of char oxidation decreased with temperature.
These observations contradict the prediction of Essenhigh [10] , which suggested that the reaction order should increase with increased temperature at constant oxygen pressure.
Under the conditions of these experiments, boundary layer diffusion resistance can be safely neglected. The Langmuir rate equation was applied to these rate data (see Fig. 1 ). Fig. 1 shows that the model agrees well with the reaction rates at three temperatures over the entire range of oxygen pressure. The Langmuir rate equation also captures the change of observed reaction order with temperature. Note that the reaction orders (the m values in Fig.  1 ) are the averaged slopes of the lines in Fig. 1 . Since the graphite flakes used in these experiments are non-porous, the rate equation can be expressed in a slightly different form:
where is in g C/(g C remaining)/s, and is in g rЈ kЈ in 1 C/(g C remaining)/atm/s. The best-fit kinetic constants are listed in Table 1 . Notice that E 0 ‫ס‬ (E 1 ‫מ‬ E) ‫ס‬ (51.1 ‫מ‬ 10.1) ‫ס‬ 41.0 kcal/mol, which is less than E 1 (51.1 kcal/mol).
Large Coal Char Experiments
The reactivities of large Pittsburgh char particles were measured [24] in the high-pressure controlled profile (HPCP) drop-tube reactor [3] using a cantilever balance attachment (CBA) [26] . Gas temperatures were measured by a type-S thermocouple located about 1.2 cm above the supported particle. The chars were prepared from Pittsburgh coal (38% volatile matter, 11% ash) in N 2 at a gas temperature of 1050 K, a gas velocity of 0.32 m/s, a gas pressure of 0.85 atm, and a residence time of 32 s. Most char particles used in the oxidation experiments had an initial mass of 0.11 g (corresponding to 8 mm diameter). A baseline condition was selected, and a parametric set of experiments was conducted by varying one (or sometimes two) of the six variables (V g , ,P tot , dp 0 , ,T g ), as shown in Table 2 .
runs were performed at each of these 13 conditions to reduce random errors and to determine the repeatability. The particle center temperatures were measured for three conditions (base condition, and conditions 11 and 12) using a type-S thermocouple inserted in a small hole drilled approximately to the center of the particle and attached to the particle with a small amount of epoxy. For all of these three conditions, the temperature profiles all show a characteristic drop near the end of combustion (at about 85% dry ash free [daf] burnout). This temperature drop is consistent with the near-extinction behavior observation by Hurt and Davis [27] . The main interest of this study is the reaction rates before the near-extinction stage and, therefore, average reactivities were determined for the 10%-70% burnout region. In addition, the temperature profile of condition 12 (T g ‫ס‬ 825 K) showed that the particle was heating up continuously until the near-extinction behavior began. This prolonged heating period is due to the very low gas temperature and the large size of the particle, and it makes this condition different from all other conditions. Therefore, this one condition was excluded in this study.
The particle reaction rates were originally reported as normalized mass rates (dU/dt) versus burnout (B). These rates were converted to rates based on external surface area as follows: (1) For each experimental condition, three values were obtained from the dU/dt curve at B ‫ס‬ 20%, 40%, and 60%, respectively. (2) The mass release rates (dm/ dt) were calculated from the normalized mass release rates (dU/dt). (3) The values of diameter at different burnout were estimated assuming that the density remains constant with burnout. This assumption is supported by the measurements by Mathias [23] . (4) The reaction rates based on the external surface area were calculated from the mass release rates (dm/dt) and the external surface area ( ). It was found that for each condition the re-2 pd p action rates based on the external surface area are almost identical at burnouts of 20%, 40%, and 60%, indicating a constant burning rate between 10% and 70% burnout. For each condition, the reaction rates at these three burnouts were averaged to yield a characteristic reactivity, which was used in model evaluation.
The values of v factor were calculated for all of the conditions, assuming the CO/CO 2 product ratio can be estimated using an empirical Arrhenius correlation taken from Hurt and Mitchell According to this correlation, 87% of the carbon is converted to CO 2 and 13% to CO at 1200 K. This expression for the CO/CO 2 ratio was chosen so that the particle temperatures predicted by the HP-CBK model matched the limited number of measured particle center temperatures. It was found that the values of v factor ranged from 0.2-0.7, indicating that combustion did not occur in zone III. If the CO/CO 2 product ratio is chosen so that more carbon is converted to CO, the values of the v factor would be even smaller and farther away from zone III conditions. It was therefore concluded that these reaction rates are not controlled by boundary layer diffusion, and hence chemical kinetics and pore diffusion have to be considered in modeling these data.
The HP-CBK model was used to predict the characteristic reactivities at all 12 conditions with a single set of kinetic and pore structure parameters. The particle sizes used in the HP-CBK model were those at 40% burnout since the characteristic reactivities represent the averaged reactivities over 10% to 70% burnout. The particle temperatures were calculated assuming thermal equilibrium between the particle and the environment (T g and T w ) through convection, conduction, and heat generation from reaction Fig. 2 . Comparison of HP-CBK predictions of reaction rate with large coal char particle data [23] as a function of (a)
(see Ref. [15] ), ignoring radial gradients inside the particle for this initial investigation. Kinetic parameters (A 1 , E 1 , A, E) and pore structure parameters (r p1 , r p2 , e M ) were adjusted to minimize the difference between the predictions and the data. Three observations were made:
1. The best fit used an intrinsic Langmuir rate equation that reduced to a zeroth order reaction. 2. The diffusivity contributed from micropores can be neglected compared to the diffusivity contributed from macropores. 3. Macropores are large enough so that Knudsen diffusivity can be neglected compared to molecular diffusivity.
The first finding means that KP os is much greater than 1 so that the Langmuir rate equation reduced to the zeroth order rate equation:
1 os os 1 os os
Therefore, the absolute values of k 1 and K could not be determined, but their ratio k 1 /K ‫ס‬ k 0 was determined. The intrinsic zeroth order kinetics implied an apparent order of 0.5 in zone II, which is repeatedly observed [1] or assumed [15] for high temperature char oxidation. The second and third findings mean that the effective diffusivity is only determined by the macroporosity (e M ):
These three findings greatly simplified the model and reduced the number of adjustable parameters to three: A 0 , E 0 , and e M . The best-fit kinetic and pore structure parameters are listed in Table 1 , and comparisons between calculations and measurements are shown in Fig. 2 . The HP-CBK model was able to quantitatively explain the effects of all six experimental variables: total pressure, oxygen partial pressure, oxygen mole fraction, gas velocity, gas temperature, and particle size with a standard deviation of 14% and a maximum error of 22%.
Pulverized Coal Char Experiments
Monson et al. conducted char oxidation experiments on a 70 lm Utah coal char at 1, 5, 10, and 15 atm total pressure [3, 4] . Chars were prepared in the HPCP furnace in an N 2 environment at atmospheric pressure, wall and gas temperatures of 1500 K, and a residence time of 300 ms. In the char oxidation experiments, reactor temperatures were varied between 1000 and 1500 K, with 5% to 21% oxygen in the bulk gas, resulting in average particle temperatures up to 2100 K and burnouts from 15% to 96% (daf).
Approach
Two injection probes, one cooled and the other uncooled, were used during the tests. Because of the large heat loss and more particle dispersion associated with the cooled probe, only the experiments using the uncooled probe were considered in this study.
In these experiments, the temperatures and velocities of the particles were measured using a twocolor pyrometer immediately before the particles entered the collection probe. The reported particle temperatures seem unreasonably high and do not Fig. 3 . Comparison of HP-CBK predictions of carbon burnouts with pulverized coal char data [4] as a function of total pressure, oxygen mole fraction, gas temperature, wall temperature, and residence time. permit balance of the particle energy equation. It is likely that many of the actual particle temperatures were below the temperature measurement threshold, and only a few nonrepresentative particles were measured. Such errors were shown for other char oxidation experiments by Fletcher and Hardesty [28] . Therefore, the measured particle temperatures were not used. Instead, a CO/CO 2 product ratio was assumed and the particle temperatures were calculated by the model. The particle burning mode parameter [15] was held constant at 0.2 (i.e., q/q 0 ‫ס‬ (m/m 0 ) 0.2 ). The carbon burnout (daf) of the collected particles was determined following the contents of three tracers (ash, Ti, and Al). For each test, burnout values were calculated using each of the tracers. In almost every case, the three values agreed within a few percent, promoting confidence in the determination of burnout.
The measured burnout data were used to evaluate the model. Residence times were calculated from the measured particle velocities and the gas temperatures, assuming that the gas and particle velocities were equal. Non-uniform wall temperatures were correlated using a quadratic equation [14] . The measured centerline gas temperatures varied mainly with total pressure [29] and were used directly in the model.
The HP-CBK model was used to predict the burnouts for all the experiments conducted at 1, 5, 10, using the above-mentioned gas temperature and wall temperature profiles. The experiments conducted at 15 atm had extremely low wall temperatures (e.g., 631 K) and low gas temperatures (e.g., 987 K), and hence were not considered due to ignition problems.
Results
In minimizing the standard deviation of model predictions, it was found that the first two observations made in modeling the large particle experiments of Mathias [24] were true again for these pulverized char oxidation data [4] .
The kinetic and pore structure parameters used in this study are listed in Table 1 . The best-fit calculations of burnouts from the HP-CBK are compared with the experimental data in Fig. 3 . The HP-CBK model was able to predict particle burnouts with a standard deviation of 14% and a maximum error of 36%.
Summary and Conclusions
The Langmuir rate equation, when used with the appropriate effectiveness factor, seems to be satisfactory for modeling char oxidation over a wide range of temperature and gas pressure. The reaction order of the carbon-oxygen reaction seems to decrease with increased particle temperature at constant oxygen concentration, which is supported by experimental data [23, 25] . In modeling the data by Mathias [24] and Monson [4] , it was found that the Langmuir rate equation reduced to an intrinsic zeroth order equation for both cases. The intrinsic zeroth order equation implies an apparent order of 0.5 in zone II, in agreement with many observations [1, 15] . This suggests that an intrinsic mth order (m ‫ס‬ 0) is adequate for modeling char oxidation rates as a function of total pressure at high temperatures, although a global nth order rate equation has been shown to be inadequate for that task. However, an intrinsic mth order rate equation is inadequate for modeling char oxidation over a wide range of particle temperature since the intrinsic reaction order is typically non-zero at low temperatures and may change with temperature [23] .
In the specific cases examined in this study, micropores can be neglected compared to macropores in modeling the effective diffusivity in the porous char matrix.
Since experimental data at high pressures and temperatures are so limited, the correlations between kinetic parameters (activation energies and pre-exponential factors) and measurable char properties are not yet possible. However, it is thought that the approach used in the HP-CBK model is promising and may eventually yield coal-general correlations. The effects of an envelope CO flame have not yet been considered in this modeling effort. It may be possible that this effect is important, especially since flame thickness tends to decrease at high pressures due to increased concentrations. The smaller flame thickness may therefore permit a flame in the boundary layer. Internal temperature gradients should also be considered in the large particle experiments, indicating the need for data on the effective thermal conductivity of porous coal chars.
Nomenclature
